Mechanical testing after neutron irradiation is a critical research tool for evaluating materials for fusion systems, such as silicon carbide fiber silicon carbide matrix (SiC/SiC) composites. However, single-axis tensile testing, which is required to build a fundamental database, requires large specimens. Therefore miniaturization of tensile test specimens has long been pursued as a method to reduce the irradiation volume to fit the capsule size limitation. The objective of this study is to identify specimen size effects on tensile properties of SiC/SiC composites from the viewpoints of the influences of fabric architecture and tensile loading axis, with a final goal to establish a small specimen test technique for tensile testing of the composites. The axial fiber volume fraction plays an important role in achieving good tensile properties. However the size dependent change of the axial fiber volume fraction gives specimen size effect. The composites with much fiber volume content tended to have superior tensile strength, elastic modulus and proportional limit stress. Contrarily, the tensile properties of the composites with the same axial fiber volume fraction were almost independent of the specimen size. This type of size effect is generally common in any types of architecture. The size-relevant fracture mode in off-axis tension: detachment in shorter widths vs. in-plane shear at larger widths, also gives specimen size effect on tensile properties, resulting in strict limitation of miniaturization of the tensile specimen. Finally we proposed a miniature tensile specimen for the composites.
Introduction
SiC/SiC composites are candidate materials for fusion blankets due to elevated temperature capability, low radioactivity, and inherently good neutron irradiation tolerance. 1, 2) Mechanical testing after neutron irradiation is a major requirement in the research for fusion-grade SiC/SiC composites. The flexural test has long been employed for evaluation of neutron irradiated materials. However, the complex fracture mode in flexure: mixture of tension, compression and shear, limits this test to screening purposes only. Simple fracture mode tests: loading in tension and shear, are therefore receiving more recent attention. Singleaxis tensile test is a useful and fundamental test methodology with a simple fracture mode. However, there is no established tensile test technique for irradiation research on ceramic matrix composites (CMCs). The strict requirement of the comparatively large specimens in conventional tensile testing prevents use in neutron irradiation experiments because of the irradiation volume limitations. For this purpose, a small specimen test technique has been developed as a simple and useful testing method in the series of the international standardization activities. 3, 4) Miniaturization is an effective means to evaluate irradiated materials because of the reduced radiological hazard potential. Small size also allows an increase in the test numbers, beneficial to statistical reliability. In addition, the small specimen test technique is required to give maximum use of the lab-scale products with very limited material volumes.
The ASTM standard C1275, familiar as a tensile testing methodology of the composites, provides various types of standard specimens with differed sizes and geometries.
Composite materials are composed of the constituent fiber, matrix and the fiber/matrix (F/M) interphase, each with finite scale. Therefore the specimen size of the composites is often determined by the constituent such as a fiber bundle composite. The ASTM standard specimens contain almost 48-120 bundles in the gauge section, considering the fiber bundle with 1.5 mm width and 0.25 mm thickness. A tensile specimen with <10 fiber bundles in the gauge section is our recent goal to meet irradiation capsule requirements. However miniaturization of the specimen must not spoil the inherent feature obtained from the characteristic composite architecture. This is because the composite strength is strongly dependent on the submicron-order constituents, giving rise to specimen size effects.
Specimen size effects of the composites have been investigated by both experimental and analytical approaches. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Specifically the recent attention is paid on the following factors: (1) inside sub-micron flaws, (2) microstructure, (3) stress gradient and (4) test considerations. This technique cannot be established understanding of the influence of theses factors.
Sub-micron flaws induced in processing and machining are primary factors that govern specimen size effects in ceramics and quasi-brittle materials. The most familiar relationship between the defects and their strength is the weakest link theory. The failure strength of a uniformly stressed volume of the brittle material is determined by the weakest defect, among defects randomly distributed in materials. Specifically the failure strength of the larger specimen tends to decrease because the probability of flaws increases with volume. This relationship of failure strength to specimen volume is well described by Weibull statistics. 17) The global load sharing theory, based on the Weibull statistics, is often mentioned as a good analytical model to predict composite strength including the specimen scaling issue. [5] [6] [7] This theory hy-pothesizes that the redistribution of load is shared equally for all intact fibers when fibers progressively fail. In this hypothesis no stress concentration can occur. Under this hypothesis, the composite failure strength can be proportional to the axial fiber volume fraction. In contrast, the local load sharing theory assumes a non-uniform redistribution of load on the intact fibers. 8, 9) Under this condition, the stress concentration around the broken fibers varies with the specimen size, resulting in another size effect. It is reported that failure strength decreases as laminate thickness decreases, due to increasing stress concentration. 8, 9) The microstructure of the composites is also important in determining the defects that may give rise to a size effect. The constituent fibers and matrices themselves are subject to damage during processing and machining, producing the defects responsible for ultimate composite failure. Specifically, degradation of the reinforcing fibers becomes a critical issue to achieving high fracture strength because the fibers must transfer almost all the applied load beyond first matrix cracking. Brittle fibers such as carbon and glass exhibit a strength size effect due to flaws in the microstructure of the fibers; tensile strength increases with reduced fiber diameter and gauge length, respectively. 10, 11) Fabric architecture is also important to discuss mechanical properties of the composites. The multi-dimensional weave can easily create pockets where voids can be trapped or cracks can initiate. Stitched composites have another set of defects built into their microstructures. The stitching damages fibers and the stitches themselves form defects where cracks can initiate. The increasing defects raise the probability of composite failure. In particular, these origins of the failure initiation are dependent on the specimen size, because the architecture is strictly restricted by the constituents with a finite size. The fabric architecture also provides anisotropy of the composites. Silicon carbide fiber reinforced composites exhibit anisotropic fracture behavior due to their discontinuous fabric structure. (The SiC fiber itself never shows anisotropy of fracture strength since the fibers have an isotropic microstructure.) In general, tensile strength tends to decrease with an increase in the angle between the fiber longitudinal direction and the loading direction, because the resulting reduction of the axial fiber volume fraction adds the shear failure at the F/M interface.
A stress gradient is another factor that governs the specimen size effect. In many tests, the stress field is not constant. For example, in flexure there is a stress gradient through the thickness. It has been shown theoretically from the Weibull theory that the strength in flexure should be higher than the strength in tension.
12) The redistribution of load that occurs as fibers progressively fail may produce a higher strength in flexure than in pure tension.
13) The effect of the stress gradient on failure has also been used to explain the variation in tensile strength of the notched composites as a function of the notch size. 14) Moreover, the stress gradient will affect the stress field during compressive loading. The compressive failure is in general caused by shear instability, often referred to as microbuckling. The stress gradient will affect the stress field where instability occurs. 15, 16) Testing considerations are important technical issues in discussion of the specimen size effect issue. As mentioned previously, different test methods can give rise to other size effects. Even if the same test method is employed, differences in the thickness and the aspect ratio of the specimens can provide premature failures due to unexpected bending moment produced by misalignment. Moreover early failure due to stress concentration near the grips may mask a size effect.
In order to discuss mechanical properties of the composites, the influence of the tensile loading axis is specifically recognized as an important issue because of anisotropic features of the composites. The objective of this study is to evaluate specimen size effect on the tensile properties of the various architecture types of SiC/SiC composites by variedaxis tensile tests.
Experimental

Materials
Specimen size effects on tensile properties were evaluated using SiC/SiC composites fabricated by the polymer impregnation and pyrolysis (PIP) process. Three types of composites were produced: a plane-weave (P/W) composite, an eight-harness satin-weave (S/W) composite and an orthogonally woven three-dimensional (3D) composite. Both P/W and S/W SiC/SiC composites had Z-directional fiber stitching. The ratio of the fabric configuration of 3D SiC/SiC composite was X:Y:Z ¼ 1:0:1:0:0:2. Here X and Y mean the fiber longitudinal direction, while Z means the throughthickness direction. Typically these composites had relatively high porosity above 20%. They exhibited several large pores inside the structure, primarily along the Z-stitches. The TyrannoÔ-LoxM (Si-Ti-C-O) fibers used as reinforcements had undergone a surface modification before weaving in order to optimize the fiber-matrix interface. 18) Due to this treatment, an interphase with excess carbon was formed close to the fiber surfaces. Details of materials are described elsewhere. 19, 20) 
Tensile Test
Room-temperature tensile tests were carried out using a face-loaded rectangular tensile specimen ( sided geometry is to prevent from the accumulation of undesired machining flaws and also to avoid stress concentration at the root of these flaws. All tensile specimens were machined using a diamond cutting device and machined surfaces were polished to a surface roughness of $5 mm to reduce machining flaws. ], respectively. The gauge size of each specimen was designed by the number of fiber bundles included in the cross-section. At least one bundle ($1:5 mm/bundle) in width and four bundles ($0:25 mm/bundle) in thickness were included. Specimen gauge length was determined on the basis of total specimen length, 15-45 mm (10-30 bundles), which is expected for neutron irradiation tests. The straightsided ASTM standard specimen with the gauge volume of
was used for comparison in the fiber longitudinal axis test. No standard specimen was used in the off-axis tests due to very limited volume of the supplied composites. All tensile specimens were clamped by wedge-typed grips, and to avoid gripping damage, 1.0 mm thick aluminum end tabs were bonded on both sides of the specimen. Crosshead displacement rate was 0.5 mm/min for all tests. The strain of the composites was measured by averaging two readings of strain gauges bonded to both faces of the center gauge section. After tensile tests, fracture surfaces were analyzed by optical and scanning electron microscopy to investigate the fracture mechanism. Figure 2 shows typical tensile behaviors of P/W, S/W and 3D SiC/SiC composites. All types of SiC/SiC composites exhibited non-linear segment beyond proportional limit due to progressive accumulation of matrix cracks. Less elongation for P/W composites (0.4-0.7) and S/W composites (0.4-0.6) was attributed to the structural restrictions caused by weaving fiber bundles. Fracture surfaces for P/W SiC/SiC composites showed fibrous appearances although they failed with shorter fiber pullout lengths (Fig. 3) . In contrast, 3D SiC/SiC composites exhibited much longer fiber pullout because of less restriction to the total elongation due to straightly aligned fibers parallel to the loading direction. Specifically fiber bundle pullout was characteristic in 3D SiC/SiC composites. These failure patterns are almost kept in entire tested specimen size range. For example, no significant difference in tensile fracture appearances was observed for 3D SiC/SiC composites with varied widths ( Fig. 4) . The only exception of the stress concentration around stitching fibers is important in the 1.5-mm-wide case for 3D SiC/SiC composites. A large stress concentration should arise along the detached Z-stitches, resulting in premature failure of the composites because the stitching fibers perpendicular to the loading direction do not transfer load once detachment occurs at the F/M interface. Figure 5 exhibits specimen size effects on tensile strength, elastic modulus and proportional limit stress (PLS). Tensile results with percent bending larger than 5% were not included in this figure. Upper and lower error bars in the plots indicate the maximum and minimum values, respectively. Tensile strength of both P/W and S/W composites was nearly independent of the specimen size in the entire tested range, while the tensile strength of the 3D composites was significantly dependent on the specimen length, width and thickness: increased tensile strength for the composites with the gauge size of
Results
Tensile Properties in Fiber Longitudinal Axis
In contrast, elastic moduli of both 2D and 3D composites were nearly independent of the specimen size. The only exception was obtained for the 5.0-mm-long 3D composites; where the tensile modulus decreased $30%. The 2D composites did not exhibit significant size effects on tensile modulus. Similarly, the PLS was apparently independent of specimen gauge length, width and thickness for both 2D and 3D SiC/SiC composites. However, there was significantly large scatter in the smaller gauge volume, especially for small gauge width (<3:0 mm) 3D composites. Tensile properties obtained from the standard specimen were almost followed by these trends. Figure 6 shows typical fracture surfaces of the off-axis tensile specimens for P/W SiC/SiC composites. In general, all specimens exhibited a V-shaped fracture plane. Specifically most fibers of the specimens with shorter gauge widths were remained as intact. The detachment of the F/M interface was characteristic in these composites. In contrast, the specimens with larger widths (>6:0 mm) incorporated with fiber failure and interfacial detachment. The 3D composites also exhibited the similar trend. Contrarily, there is no significant difference in fracture behaviors of the specimens with differed lengths or thicknesses (with constant width) for both P/W and 3D composites. Figure 7 shows the effects of the specimen size on tensile properties of P/W and 3D PIP SiC/SiC composites for various directional loading tests. Tensile strength and PLS decreased with increasing specimen widths for 2D and 3D composites, although they never show significant length or thickness effects. The elastic modulus was hardly dependent on the specimen length, width and thickness. However severe degradation was obtained for the 1.5 mm wide specimen in the [15 /75 ] loading test of 3D composites.
Tensile Properties in Varied Loading Axis
Discussion
Specimen Size Effect on Tensile Properties in Fiber
Longitudinal Axis In the ideal composite system, the tensile strength in the fiber longitudinal direction is proportional to the axial fiber volume fraction. 5) This relation should hold true for 2D and 3D composite systems because the longitudinal fibers acting alone can transfer the entire load following first matrix cracking. We obtained a good relationship between the axial fiber volume fraction and the tensile strength regardless of the specimen size (Fig. 8) . The large uncertainity of the axial fiber volume fraction in a 3D structure can be easily obtained by imaging its structural unit cell 18) (Fig. 9) . The presence of the Z-stitches can separate a fiber rich region or a matrix rich region using specimens smaller than a structural unit width of $2:0 mm, resulting in the large scatter of axial fiber content. Similarly, the axial fiber volume fraction is also subject to variation within the specimen thickness. However, there might be a minor effect on the tensile properties in cases where the specimen thickness is large enough to cover many fiber bundles. The axial fiber volume fraction was nearly same through entire thickness range. In contrast, the tightly woven P/W and S/W composites can cause a small change of the axial fiber volume fraction with respect to the specimen width and thickness.
Here we defined a new parameter: normalized tensile strength, which is the maximum tensile stress divided by the axial fiber volume fraction. Normalized tensile strength means the stress where the entire load is applied only to the axial fibers. This new parameter will be good to evaluate the behavior after the first matrix cracking of the composites. Figure 10 plots the specimen width effect on normalized tensile strength. This revealed no width effect for widths >3:0 mm and no thickness effect for >1:5 mm, although a slight reduction ($30%) of normalized tensile strength was seen in shorter gauge widths or thicknesses. There is also no apparent length dependence in the range tested. A slight decrease in the tensile strength of 1.5-mm-wide and 1.0-mmthick specimens might be explained by the influence of machining damage on the bare fibers near the specimen surfaces. Discontinuous fibers are ineffective to transfer the applied load. Actual volume fraction of the intact fibers was probably smaller than that used in normalization. Otherwise this might be explained by the local load sharing analysis, although further investigation is required. Recently experimental and numerical analyses have been developed to evaluate this phenomenon. 8, 9) Tensile elastic modulus of the 3D composites is also estimated by the simple analytical model based on the rule of mixtures. 18) This indicates that the tensile elastic modulus exhibits monotonic increase with the axial fiber volume fraction increasing. 19, 20) As similar to tensile strength, tensile elastic modulus exhibited large scatter in the gauge width of 1.5 mm. Figure 11 plots measured and predicted axial elastic moduli relevant to the axial fiber volume fraction for 3D PIP SiC/SiC composites. The size-related change of the axial fiber volume fraction will possibly affect elastic modulus, although this effect might be small. The primary mechanism that causes the reduced tensile modulus for the 5.0-mm-long specimen might be due to width effect typical for the short width ($2:0 mm) specimen. Proportional limit stress also shows a function of the axial fiber volume fraction. 21) According to the analytical model prediction, PLS tends to monotonically increase with increasing fiber content. However the quantitative analysis indicates that the average PLS was constant regardless of the axial fiber volume fraction (Fig. 12) , but with very large scatter of individual data. The difference comes from the large scatter of other parameters, which might mask the specimen size effect on PLS.
Specimen Size Effect on Tensile Properties in Varied
Loading Axis Off-axis tensile tests of the composite materials resulted in low fracture stress and high elongation compared to the axial tensile tests. In this case, the composite failure was significantly dependent on the detachment strength between fiber and matrix rather than only on the tensile strength of fibers. This is apparently true according to fracture surfaces. The V-shaped fracture appearance was characteristic of each surface. In-plane shear strength calculated from the off-axis tensile data converged to a constant with increasing specimen gauge widths (Fig. 13) . In contrast, the in-plane shear strength obtained by Iosipescu shear test shows no size dependency. 22) Iosipescu shear test is one of the testing methods to evaluate the in-plane shear properties of ceramics and composites. This test provides pure shear stress field between two notches curved on both sides of the specimen. These results indicate that the key fracture mechanism in offaxis tension had a different dependence on specimen width because of the presence of several simultaneous failure modes. In general, three kinds of stresses; tensile stress in the longitudinal fiber direction, transverse tensile stress perpendicular to the longitudinal fiber direction and in-plane shear parallel to the fibers, are active during off-axis tensile loading. In shorter widths, the off-axis tensile strength might be determined by the weak detachment strength at the F/M interface rather than by fiber tension and in-plane shear. This Elastic modulus of the off-axis tensile test is determined by considering tensile elastic deformation of the fibers and the matrix in both fiber longitudinal and radial directions, and inplane shear deformation at the F/M interface. Fiber volume content in the gauge section becomes a constant in the offaxis loading test regardless of the gauge size for all composite types. In-plane shear modulus is also independent of the specimen size because of no microscopic change at the F/M interface. Therefore the meaning size effect was hardly obtained. The primary reason to the reduced elastic modulus for the 1.5 mm-wide specimen of [15 /75 ] 3D composites is probably due to mechanical damage during machining but still unclear.
As discussed, the off-axis tensile specimens were failed primarily by detachment and/or in-plane shear fracture mode. The only detachment at the F/M interface is a primary fracture mode for the narrow specimen. At the crack initiation, most cracks propagated along the F/M interface. It is reported that push-out test results indicate that the interfacial debonding shear strength first increases and converges into a constant with the increasing axial lengths (specimen thickness). 23) This can explain the slight reduction of PLS for short width specimens. Another possible explanation for the reduced PLS in shorter widths is machining damage on the F/M interface. Detachment strength is usually very weak comparing fiber strength and/or in-plane shear strength of the woven composites. The weak detachment strength provides significantly lower off-axis tensile strength. Under the single fracture mode tests (length and thickness effect tests), no size effect was detected.
Generality of Specimen Size Effect
The effects of the axial fiber volume fraction on tensile properties are common in most types of composites. A recent study revealed the width effect on tensile strength of various types of SiC/SiC composites. 24) In that report, a three directionally woven TyrannoÔ-SA fiber reinforced composite made by the modified PIP process 25) and a cross-plied TyrannoÔ-SA fiber reinforced laminate composite made by the nano-infiltration transient eutectic phase (NITE) process 26, 27) were evaluated. Both composites featured a highly crystalline and near stoichiometric SiC matrix. Specifically the NITE SiC/SiC composite provides a robust structure and dense matrix ($3:1 g/cm 3 ). In 3D advanced PIP SiC/SiC, the axial tensile properties depended significantly on the cross-sectional fiber volume content similar to the case of 3D PIP SiC/SiC composites. In contrast, the cross-plied laminate NITE SiC/SiC composites had no width effect on tensile properties because the axial fiber content is constant in any specimen widths under the same thickness due to the lay-up structure of the unidirectional fiber bundle composites.
Miniature Specimen
Not all CMCs follow the Weibull theory, due to the presence of multiple fracture modes, even though the constituent materials are brittle ceramics. We identified significant width effect on tensile strength, tensile elastic modulus and PLS. They are closely dependent on the axial fiber volume fraction and differed in specimen widths. Data scatter tended to increase in shorter gauge widths. In general, these data are adequately normalized by simple model prediction using the fiber volume content for any size of the composites. However, strength reduction by the stitching effect needs to be avoided in shorter widths. In conclusion, specimen width is recommended to be 3.0-4.0 mm to include a couple of fiber bundles. In contrast, off-axis tensile strength is decreased in narrower gauge widths because of the sizerelated change of fracture mode from the mixed mode of inplane shear to fiber detachment. Therefore specimen gauge width should be 6.0-10.0 mm or larger for off-axis tensile testing. Specimen thickness has a minor effect on tensile strength in the range of 1.0-3.0 mm. However, thinner specimens (<1:0 mm) tend to decrease tensile strength, resulting in difficult testing in normal operation. Porous composites such as chemical vapor infiltrated (CVI) SiC/SiC composites contain many submicron inter-laminar pores; for those we do not recommend using test specimens thinner than 1.0 mm. Specimen thickness of 1.5-2.0 mm is recommended to reduce the irradiation volume. No meaningful length effect, which was found in tensile strength in 30.0-50.0 mmlong specimens with 15.0-20.0 mm gauge length under the constant axial fiber volume fraction, is a great advantage to design the miniature specimen.
No significant effect of the specimen size resulted in unique tensile strength, elastic modulus and PLS, which were well agreed with those obtained from standard size specimen. In short, the miniature specimens used in this study can predict the mechanical properties of the bulk composites. The systematic size effects on the off-axis tensile properties can also utilize to evaluate the bulk properties of the composites, although no standard data were obtained. Specifically the key mechanism of the specimen size effect might be remained for the composites tailored by small fiber bundles; the tensile properties are easily predicted by considering the minimum structural unit, in many cases fiber bundles, and its configuration. Therefore, much smaller specimen can be adopted to utilize. However, machining damage needs to be avoided to keep a good mechanical performance. Their tensile properties are more subject to these defects.
Summary
Development of mechanical testing methodologies has been carried out. In order to establish a small specimen test technique for tensile testing of ceramic matrix composites, specimen size effects on tensile properties were investigated from the viewpoint of architecture and varied loading directions. The main conclusions are summarized as follows.
(1) The axial fiber volume fraction plays an important role in achieving good tensile properties, but the size dependent change of the axial fiber volume fraction gives specimen size effect on them. The composites with much fiber volume fraction tended to have greater tensile strength, elastic modulus and PLS. This type of size effect is generally common in any types of architecture. (2) Both 2D and 3D SiC/SiC composites with the same axial fiber volume content hardly exhibited meaningful size effect on the tensile properties in the fiber longitudinal direction. (3) The size-relevant fracture mode in off-axis tension: detachment in shorter widths vs. in-plane shear at larger widths, gives specimen size effect on the off-axis tensile properties, resulting in strict limitation of miniaturization of the tensile specimen. (4) This study provides a promising approach to tensile testing using the miniature specimen for ceramic matrix composites.
